The current study aimed to characterize changes in EEG-related measures after noxious stimuli in neonates and to assess their potential utility as measures of pain and/or discomfort during neonatal intensive care. Seventy-two healthy term infants were investigated: Twenty-eight had a non-skin-breaking pin-prick on the heel, randomized to receive either oral glucose (n ϭ 16) or water (n ϭ 12) before the stimulus. Twenty-one infants were studied during a venous blood sample from the dorsum of the hand, 23 infants during a capillary heel stick. Behavioral pain responses were assessed with the Premature Infant Pain Profile Scale. The stimulus evoked a significant increase in higher frequency components (10 -30 Hz) which also correlated to behavioral measures. The frontotemporal localization of the increased activity with frequency bands similar to electromuscular artifacts and the relation to behavioral measures confirmed that this activity corresponds to an increase in muscle tone. There was no change in frontal EEG asymmetry in any of the groups. 
N ewborn infants undergoing intensive care may become exposed to a considerable number of painful experiences (1) (2) (3) . Identification and assessment of pain in sick newborn infants is challenging because the infant's ability to communicate pain is limited. Pain assessment instruments for clinical use have mainly been constructed for evaluation of acute procedure-related pain responses (4) . There is a growing international request to produce valid instruments for assessing both continuous and procedure-related pain in newborns (5, 6) .
Although the somatic sensation of painful stimuli undoubtedly takes place within hundreds of milliseconds after the stimulus, several studies have demonstrated that painful stimuli also produce more long-lasting behavioral and physiologic responses (7, 8) . A previous study indicated that repeated heel strokes from the Neonatal Behavioral Assessment Scale (9) in healthy term infants resulted in a change in the symmetry of frontal EEG activity within the theta frequency band (3) (4) (5) (6) Hz), and this change was attenuated by oral sucrose given before the noxious stimulus (10) . Another study showed that in 10-mo-old infants, EEG "resting asymmetry" correlated with behavioral responses when infants were separated from their mothers (11) . The investigators suggested that an infant's distress response may be predicted from prior measures of baseline frontal EEG asymmetry. In adults, "frontal EEG asymmetry" has been widely used as a neurophysiologic marker of emotional reactions in various psychological studies (12) .
Very little is known about EEG responses to pain in newborn infants. The option of using a relatively simple EEG measure of distress in neonates is clinically intriguing because it could be readily implemented as a trend display in continuous EEG monitoring of neonates. Thus, the objective of the present study was to characterize potential changes in the EEG after acute noxious or painful stimuli in healthy term infants and to evaluate their utility for pain assessment.
METHODS
Patients. Three groups of healthy term infants were investigated at Lund University Hospital, Sweden and Ålesund Hospital, Norway, during the time-period March 2004 to March 2006. Inclusion criteria were term birth (gestational age, 37 wk or more), normal pregnancy and normal delivery (vaginal or elective caesarean section), 5-min Apgar score 7 or more, a birth weight appropriate for gestational age, and no postnatal disorder. Exclusion criteria were ongoing maternal or infant analgesic treatment.
Group 1 consisted of 31 term infants who were recruited at the maternity unit and had a full EEG (electrode positions according to the International 10 -20 system: F3, F4, Cz, P3, P4, C3, C4, T3, T4) recorded at the Department of Clinical Neurophysiology, Lund University Hospital (Nervus 3.3 EEG system with M40 amplifier, Viasys, Nicolet Biomedical, Madison, WI). The infants were randomized to receive either 1 mL of water (group 1a) or 1 mL glucose 300 mg/mL (group 1b) orally 2 min before a brief noxious, but not skin-breaking, "pin-prick" on either the left or the right foot. The pin-prick procedure was performed with a wooden toothpick, pressed distinctly during 1 s toward the central part of the sole of the heel according to the Neonatal Behavioral Assessment Scale (9) . The randomization (sealed envelopes) and preparation of the solution was performed blindly. Groups 2 and 3 had two different blood sampling procedures performed according to local routines for standard metabolic screening. In group 2a, a venous blood sample from the dorsum of the left hand was obtained from 22 infants at an age of 72 h or more at the maternity unit at Lund University Hospital, all by the same experienced midwife. In group 3 (n ϭ 25), capillary blood sampling was performed with an automatic lancet (Tenderfoot, Skafte Medlab AB, Onsala, Sweden) by laboratory staff at the maternity ward, Ålesund Hospital, Norway. The blood sample was taken from the right heel at a postnatal age of at least 60 h. The EEGs in groups 2 and 3 were recorded from five derivations (F3, F4, Cz, P3, and P4) (Nervus monitor 1.3, Viasys, Nicolet Biomedical, Madison, WI). Clinical data are presented in Table 1 .
In all the three groups, Ag/AgCl EEG disc electrodes were attached after skin preparation with an abrasive gel (Nuprep, D.O.Weaver & Co., Aurora, Colorado) and a conductive paste (Ten20 Conductive EEG paste, D.O.Weaver & Co., Aurora) and fixed with an elastic dressing fixation (Carefix Head, Tytex Group, Ikast, Denmark). The EEG signal was recorded with a sampling range of 256 Hz and with high pass filter at 0.10 Hz and low pass filter at 500 Hz.
Written informed consent was obtained from all parents. The Regional Ethics Committees in Lund and at Trondheim University, respectively, approved the research protocols.
Study procedures. The mothers were encouraged to feed their babies before the examination. In group 1, electrode attachment took place 45-60 min before the stimulus, and in the other two groups approximately 10 min before the stimulus. First, at least 2 min of EEG was recorded when infants were in a calm stable state, asleep, or awake. Then the infants in group 1 received their allocated treatment, followed by another 2 min of registration before the noxious stimuli. The EEG response to the stimulus was recorded for at least 2 min in all groups.
Pain responses were assessed with the Premature Infant Pain Profile (PIPP) Scale (13) . Oxygen saturation (SaO 2 ) and heart rate were monitored (Nellcor N395, Tyco Healthcare Norden AB, Sweden) and videotaped.
EEG analysis. All EEG registrations were assessed for artifacts by the first author (E.N.) and, when in doubt, also by a clinical neurophysiologist (I.R.), both blinded for group allocation. Six recordings (three in group 1, one in group 2, and two in group 3) were excluded because of technical artifacts, thus in total 72 recordings (12 ϩ 16 in group 1, 21 in group 2 and 23 in group 3) were included. The quantitative EEG analysis was performed from epochs consisting of 2 min before and after the painful stimulus, as well as 2 min before and after glucose/water administration.
Frequency domain analysis was performed by Fast Fourier Transformation (FFT); the changes in spectral characteristics (by wavelets) and amplitudeintegrated EEG (aEEG) properties analyzed over time. Such an approach is mathematically more challenging, but it makes it possible to assess without a priori limitations which time and frequency window(s), if any, would be optimal for seeing the responses to the present stimuli.
Time series analyses. After digital filtering (0.5-30 Hz), the frequency domain characteristics were first analyzed by calculating FFT spectra for the absolute power (V 2 ) over 10 s epochs (Hamming filter) averaged over 30 s artifact-free periods. The FFT spectra were divided into frequency bands: delta 0.5-3 Hz, theta 4 -7 Hz, alpha 8 -12 Hz, and beta 13-30 Hz, and a 3-6 Hz band comparable to the study by Fernandez et al. (10) . Higher frequencies than 30 Hz were not studied as neonatal cortical EEG is essentially limited to activity below 30 Hz (14) . The infraslow and lowest delta frequencies (15) were omitted from the analysis, as they cannot be reliably extracted from the movement artifacts in our recording settings.
Ratios for absolute power in pre-versus post-stimulus epochs were calculated for all frequency bands (see above), and a frontal asymmetry index was created from natural logarithms for the absolute power within the 3-6 Hz band in the F4-Cz and F3-Cz derivations by subtracting the natural logarithm for the band power on the left side from that on the right side (Ln right Ϫ Ln left) (10) .
Wavelet transformation was used to produce a detailed time-frequency (TF) analysis for frequencies from 2 to 32 Hz with Morlet wavelets (m ϭ 6.5, i.e., length of wavelet used for creating the graphs, frequency separation 1 SD) in a custom-made software package that runs under Labview program (16) . Before wavelet transformation, the signals were exported into 180-s long epochs (60 s before and 120 s after the stimulus), that were sampled from 256 Hz to 64 Hz to reduce the computing load without meaningful compromise to the analysis. The amount of activity at specific high-frequency bands were quantified by taking the signal envelope of the traces that were obtained by combining wavelets within the given frequency band (16) . All wavelet-based TF analyses were performed for each individual and averaged for the whole group. For the TF graphs, the averaged activity at each frequency during 60 s before the stimulus was subtracted from the averaged values obtained during 120 s after the stimulus.
aEEG. The aEEG amplitude shows a weighted representation of the amplitude of EEG frequencies between 2 and 15 Hz and uses a heavily compressed time scaling to enable evaluation of long-term changes and trends in electrocortical background activity (17) (18) (19) .
For assessing the utility of the aEEG paradigm in evaluating pain responses, we exported the minimum and maximum aEEG amplitudes to excel-files with a time resolution of 4 s, which were then used to calculate and plot both individual traces and group variables (mean Ϯ SEM).
Statistics. The absolute EEG power and the asymmetry index were analyzed using SPSS 14.0 software package and nonparametric tests, including bivariate correlations (Spearman) and paired statistics (Wilcoxon signed ranks test). In the wavelet analysis, the baseline epoch of 60 s before stimulus was used to assess the absolute change (simple subtraction of the average baseline from the response) or the parts of response that exceeded statistical significance (t test between baseline and response). The values of selected frequency bands as a function of time for each individual, and for the mean and its Ϯ SEM were calculated to better visualize the behavior over time of these values. Two-sided tests were used, and a p Ͻ 0.05 was considered statistically significant.
Logistic regression analyses were used to investigate effects of the following background factors on EEG responses: group assignment, gestational age, postnatal age, and gender.
RESULTS

Behavioral response.
The different stimuli all resulted in clear pain reactions, such as tachycardia, increased muscle activity, crying, and increased PIPP scores. The infants in group 1 who received glucose had lower PIPP scores than those given water (p ϭ 0.048), and lower PIPP scores than infants in group 3 who underwent heel-lancet sampling (p ϭ 0.004) ( Table 1) . Twenty-four infants were asleep when the stimulus was applied, and 48 were awake. There was no difference in PIPP scores (p ϭ 0.239) between sleeping infants and those who 
the baseline asymmetry index. The FFT and TF analyses of the EEG responses showed that the only sustained and statistically significant change in the EEG activity after the stimulus took place at frequencies between 10 and 30 Hz, corresponding to the traditional beta band (Fig. 1) . By comparing TF plots for all EEG derivations in group 1, it was clear that the increased 10 -30 Hz activity was concentrated to the frontal and temporal areas, which are well known to be the sites of most muscular artifacts (data not shown).
The increase in 10 -30 Hz activity was clearly larger in the babies that were awake compared with those who were asleep before and/or after the stimulus, as shown in Figure 2A and B from infants in group 3.
EEG asymmetry. Group 3 had a small baseline asymmetry within the theta frequency band (3-6 Hz) already before the stimulus, with a median left-sided power 9.1 V 2 (range, 3.5-21.4) versus right-sided 11.8 V 2 (range, 4.2-26.9), p ϭ 0.023 (Fig. 3) . However, the noxious stimulus did not result in any significant change in EEG asymmetry in any of the groups for any of the frequency bands. In group 1, there were no differences between infants who received either oral glucose or water. There were no differences or changes in EEG asymmetry indices depending on whether the infants were asleep or awake before the stimulus.
There is a possibility that a transient laterality in the EEG could be too brief in duration to be seen when analyzing 30 s time windows with the FFT method. To clarify this, we produced subtraction images (left-right) of the TF representation of activity from the frontocentral and centrotemporal derivations in group 1. There was no lateralization of EEG Figure 1 . Example of spectral properties of EEG signal with and without EMG contamination in a newborn infant. The graph shows 20 s of EEG (F4-P4) before (green) and after (red) a noxious stimulus, which results in a robust increase in high-frequency activity, typical of muscle artifact (thick, noisy signal in the EEG above the red horizontal line). In the spectral analysis below, it becomes evident that the period of EEG with EMG activity has a distinct hump at 10 -30 Hz, representing muscle activity. Figure 2 . EEG response characteristics in relation to sleep-wakefulness. These graphs demonstrate changes in frontocentral activity from 60 s before to 90 s after the stimulus (strippled vertical line) in babies from group 3. In the TF-plots, x axis shows time and y axis shows frequencies (Hz). The amplitude (V) is shown in a color scale (red and yellow denotes significant increases whereas blue represents a decrease). A, The two upper TF-graphs show significant changes in activity (p Ͻ 0.05) from baseline in infants who were either awake (above) or asleep (below) before the stimulus. The significant increase at higher (10 -30 Hz) frequencies after the stimulus is more pronounced in awake infants. The TF graphs and the lower graph show the compound activity at 10 -30 Hz in the awake (red) and sleeping (blue) babies. B, Subtraction image of TF-graphs (A) from awake and sleeping babies demonstrates this difference more amply, and the statistical analysis (below) shows that the difference is significant throughout the time window analyzed (vertical black bars under the graph demonstrate time points at which the difference between sleeping and awake babies was significant).
activity neither between the left versus the right hemisphere nor between the contralateral versus the ipsilateral hemisphere, relative to the stimulus (Fig. 4A and B) .
Other observations related to the background variable versus EEG asymmetry. The postnatal or gestational age did not correlate to the EEG power measures.
The baseline 3-6 Hz asymmetry index was slightly higher in boys, median (range) 0.16 (Ϫ0.31 to 0.72) compared with girls 0.04 (Ϫ0.98 to 1.07) (p ϭ 0.046). There were no gender differences in the EEG response (before/after) to the noxious stimulus, neither as group differences nor as individual responses (evaluated by paired statistics). Logistic regression analyses showed that the asymmetry indices before the noxious stimulus were independently associated with infant's gender (p ϭ 0.006), group assignment (p Ͻ 0.001), and postnatal age in hours (p ϭ 0.033), but not with gestational age. However, none of these factors were associated with changes in the asymmetry index (before versus after the stimulus).
Pain responses in the aEEG trend. Figure 5 shows that there were no consistent changes in the aEEG trends before versus after the stimulus, occasional changes in the aEEG levels reflect movement artifacts and muscular activity.
Relation between behavioral and EEG responses. There was a significant positive correlation between behavioral pain expression (i.e., PIPP score) and the EEG power at higher frequency ranges in all channels. The correlations were strongest and most consistent within the beta frequency range in the frontocentral 
DISCUSSION
Long-lasting and/or repetitive neonatal pain experiences can result in significant adverse long-term effects (20, 21) . Development of reliable instruments for continuous assessment of pain in neonates with reduced ability to communicate pain would be a significant improvement in neonatal intensive care. Continuous EEG with the aEEG trend display is routinely used for monitoring of ill babies in many NICUs. An EEG-based monitor for assessing pain and/or distress would consequently be easy to implement in the NICU environment.
In the present study, painful stimuli induced changes (responses) in the EEG record which correlated with behavioral pain responses. However, these changes occurred mainly within the highest frequencies studied (i.e., 10 -30 Hz), they were not consistently lateralized, and they were more pronounced when the child was awake. Multiple lines of evidence strongly suggest that a major part of these responses comes from muscle activity rather than from cerebral cortex. First, the topography of the response was concentrated over the frontal and temporal areas where EEG recording is typically most contaminated by muscle activity. Second, spectral analysis demonstrated that the visually evident electromyogram (EMG) activity corresponded with the increase in the 10 -30 Hz band after pain (Fig. 1) . Third, the increase in this activity was correlated with a behavioral arousal of the infant. Fourth, we are not aware of any cortically generated EEG activity in any brain area during the neonatal period that would last so long. Finally, we are not aware of any situation where such long-standing (60 -120 s) increase in beta activity of cortical origin would have been reported, neither spontaneously nor subsequent to any physiologic (i.e., nonpharmacologic) stimulus at any age.
Other studies have demonstrated that frontal EMG increases during painful stimulation and is an indicator of patient arousal. It has been reported that the frontal EMG may be of value even in assessing adequacy of anesthesia (22) . A recent publication also demonstrates graded responses to pain stimulation associated with different depth of anesthesia (23) . Further studies may clarify whether recording of facial or scalp muscle EMG activity is a useful adjunct also for neonatal pain monitoring.
A previous report in healthy newborns demonstrated an increase in frontal asymmetry in the theta band (3-6 Hz) as response to repeated "heel strokes," and its attenuation by sucrose before the procedure (10). The current study could not reproduce these results, and there may be several reasons for this. There were some differences in the details of stimulus procedures, which might have influenced the findings. To explore this further, we decided to perform an additional analysis with an open paradigm from the full signal (TF analysis; all channels).
This analysis shows that spontaneous fluctuation of EEG activity is partly independent between hemispheres, which challenges the analysis of asymmetry from relatively short EEG segments (also see Ref. 12) .
In the study by Fernandez et al., a "heel stroke" was repeated four times every 15 s during 1 min, whereas we only applied a moderate pressure during 1 s with a sharp tooth-pick. Whether this less painful procedure could explain the lack of EEG responses was addressed by evaluating EEG responses to routine blood sampling using two different techniques. Neither of them resulted in EEG asymmetry as response to the painful stimulus. It is possible that the different nature of the stimuli between the two studies may account for the differences in results, and that the stimulus applied by Fernandez et al. was more emotionally "unpleasant" than the relatively mild or painful stimuli, respectively, in the present study. Postnatal adaptation may also have affected the responses, because the infants in the study by Fernandez et al. were slightly older, around 1 wk, compared with the infants in the current study with a median age of just below 3 days (71 h). All infants in the study by Fernandez et al. were awake, whereas one third of the infants in the present study were asleep. Awake infants had increased responses, but there were no differences in frontal asymmetry related to sleep/wakefulness before the stimulus.
Emotional states have been correlated to frontal EEG asymmetry, as shown by increased left-sided activation (ie EEG suppression) in infants given sucrose as compared with infants given water (24) and it is well known that oral glucose reduces pain expression (25) . We randomized the pin-prick infants to receive either 30% glucose according to pain relief recom- mendations (26) or water in a blinded fashion. There were no differences in EEG power measurements between the two treatments, although there was a significant difference in the PIPP scores. Sucrose, which was used in the study by Fernandez et al., may be slightly superior to glucose for pain relief during capillary heel sticks (27) . However, this does not explain the lack of frontal asymmetry response to the stimulus.
In the current investigation, the infants who underwent blood sampling from the heel, displayed frontal EEG asymmetry with lower theta activity over the left side already before the stimulus. Left-sided EEG suppression was previously found in infants given sucrose, and in infants who did not cry when separated from their mothers, thus indicating a more positive emotional state (11, 24) . Because we did not control for environmental factors in the two study centers, such differences cannot be excluded as explaining factors. Some differences between the centers may have occurred, such as the environment in group 3 was quieter, and consequently this could have resulted in a more positive emotional state in these infants.
This study was not designed to investigate a short (milliseconds) transient response to pain stimuli, i.e., short-latency event-related changes of the EEG activity. The aim was to assess possible EEG responses in infants who were transferred to another mental state as a result of the noxious stimulus. Such EEG activation might be of long latency and long lasting and could be associated with changes in cerebral blood flow. Hemodynamic responses to pain were evaluated by near infrared spectroscopy (NIRS) in newborn infants, an increase in oxygenated Hb was found over the central cortical regions (28, 29) . Comparable to the results in the present study, awake subjects reacted more to the stimulus (29) . Together with the findings by Fernandez et al., these studies suggest the presence of a transient and delayed (Ͼ10 s) electrographic (EEG) or hemodynamic (NIRS) response to pain stimuli (10, 28, 29) .
In conclusion, this study shows that quantitative analysis of cortical brain activity by EEG is not a robust and useful method to evaluate pain or discomfort in newborn babies in a clinical context.
